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PREFACE

This report covers work accomplished under contract

DAAG53-76-C-0134. The contract was for the survey and analysis

accomplished and did not include any other sub-tasks.
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TECHNIQUES AND ANALYSIS OF THERMAL INFRARED
CAMOUFLAGE IN FOLIATED BACKGROUNDS

FINAL REPORT

6 April 1976 Through 6 January 1977

A

I. INTRODUCTION

The objective of this effort was to investigate thermal infrared

(3-5 p and 8-14 4) camouflage measures for military targets in foliated

backgrounds. Common lightweight materials were considered as the

possible emulators of the foliated backgrounds. These materials were

considered to be cloth like material with very low thermal inertia.

Since the thermal infrared camouflage problem exists throughout

the day, the infrared signature was considered for the emulator and the

foliage during the entire day. Both analytical and experimental evalua-

tion of the foliage signature and analytical evaluation of a proposed

A emulator were examined.

Successful evaluation of t thermal infrared signature of foliage

for a 24 hour period depends upon the modeling of the energy exchange

11 mechanism of the foliage. The energy exchange of foliage, in general

terms, cannot be modeled successfully because of the many independent

variables, however the energy exchange for an individual element of the

foliage, such as a single leaf, may be modeled. If camouflage materials



are produced which emulate the infrared signature of a i individual leaf

and if these materials are properly distributed on netting, the emulation

of background foliage should be possible. For this reason, the major

thrust of this effort was toward the modeling of an individual leaf rather

than a gross foliage baclkg-ound.

Both a leaf and the leaf emulator, or camouflage material, exist in

an environment which exchanges energy with them by two basic mechanisms,

convection and radiation. The convection mechanism is controlled by the

external flow field, wind velocity and turbulence, and by the physical

dimensions of the object. These mechanisms have been extensively

investigated and are reported in many .andard texts and references,

I.: however, the results for the specific case of leaves was reported by

V iParkhurst, et al. in reference 1.

In the case of radiation energy exchange, the leaf environment is

logically divided into two broad radiant energy wavelength regions. These

are the thermal, wavelengths of about 2. 5 microreters to 20 micrometers,

and the solar, wavelength of about 0. 3 micrometers to 2. 5 micrometers,

regions. Both environments have been extensively investigated and may

A be modeled under specific meteorological conditions. However, with the

very large number of meteorological and other environmental variables

possible, modeling must be accomplished with average condtions. These

average conditions, while useful for comparison of IR signatures from

camouflage materials and leaves, may never be duplicated by natural

conditions. 4
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II. THERMAL MODEL FOR LEAF

Basic Considerations

The transient thermal response of a leaf is governed by the energy

exchange with the environment at the leaf boundaries and the thermal

capacitance of a leaf. By considering a typical leaf thickness, the rate

of response or time constant is of the order of 300 seconds [2]. Since

the time periods of interest in this study are much longer, the leaf was

modeled assuming steady state occurs in each time period. With this

basic assumption the model becomes simplified in that the environinental

input may be equated to the leaf energy loss to determine the loaf temper-

ature.

F-nvi--onmental Conditi ons

Convective Environment: Th,. convective environment for a leaf

consists of the air temperature and velocity. Since both of these are

meteorological quantities the approach taken was to assume a typical

variation for diurnal temperature vaiiation and a constant air velocity.

J The air temperaturn w~c specified over the twenty four hour period by

the ASHRAE recommended procedcure [3]. Maximum and minimum

temperatures were chosen for the t, e season of interest.

Wiml velocity was considered constant at a value input into the pro-

gram. Values from 6.7 rn/s (15 nmph) to calm werc: examined.
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Radiation Solar Environment: The solar energy incident upon a leaf

'-.was determined using the ASHRAE m~ethod to determine the intensity of

the direct solar beam and the diffuse or scattered component [3). The

solar declination. for any day was used as a programn input. From this

information and the leaf direction parameters, i.e. the angle of tilt and

I the azimuth angle, the solar energy incident on the leaf upper surface was

evaluated. Refiected solar radiation was assumed to be negligible.

Longwave Radiation Environment: Longwave radiant energy impinges

on the leaf from three sources. First, from the warm humid atmosphere;

second from the ground below the leaf; third from any object in view of

K" the leaf. The radiant energy originating in the atmosphere is a function

of the atmospheric iry bulb temperature and the moisture content. This

radiant flux is approximated by several authors using an equation of the

for: q" aT (A + B\/)

I - 'at~m a

in which

qt" is the radiant flux in cal. /cm2/min.atm

T is the absolute air temperature in -K
a

e is vapor pressure of the water in the air in millibars

a is the Stefan Beltzmann Radiation constant

A and B are constants varying from author to author in approximate

range,; oi 0.4 ! A s 0. 75, 0.047 s B : 0.08

The long waveiength energy flux on the leaf from the ground is given

by-

.. .. , ..... -. €...- ... . . .. ... , x ',.,,x .- ,- Ni - L , i.: ... ,Ai.' , hdM. -.%-t. , fl:ahI :-,-,: -: . -: , . .. . -- 1. .. U i -- ' 
' ' • ' : ' P '

I
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4
q = T F

gr gr gr £-g 

in which,

q" is the radiant flux in cal. /cm min.
gr

T is the absolute temperature of the ground,
gr

C...r is the long wavelength emittance of the ground i. a., : (T ),o .g r g r g r

F is the fraction of the ground seen by the leaf, i.e. one for the
1-g

bottom of a horizontal leaf, j for one side of a vertical leaf, etc.

The third component of the long wavelength radiant energy is a variable

dependent upon the individual case studied. For the purpose of this work,

this term was assumed to be negligible. -This assumption was made on

the basis that an emulator uld react to surrounds exactly like the leaf

[1 if the emulator reacts to the simplified surrounds like the leaf.

In order to evaluate radiant input to the leaf from the ground, the

ground temperature must be determined. Modeling of the ground to obtain

this temperature requires a transient model. In this case the ground was

modeled as a semi-in inite slab with constant thermal properties. Properties

used were obtained from reference 5. One of the most uncertain variables

-* in this sub-analysis was the convective heat transfer from the ground

surface to the air. This was finally obtained from reterence 6 using

reasonable vegetation heights. The expression used was

3
h = (Cf/Z) pC (P) U 3

f p r

Budyko [7] presents results of a study of drag caused by vegetation on the

earth's surface and proposes a drag coefficient as follows:

C =/2 [2. 5ln(y/Z + 5 ] 4
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in which:

h is the convective coefficient in cal /cm m. -*C

Cf is the drag coefficient depending upon surface roughness,

3
p is the density of air g/cm

C is the specific heat of air cal/gm- 'C,

P is the Prandtl number of air,
r

U is the wind velocity cm/min,

y is the height of wind velocity measurement assumed to be 76 cm,

Z is the height of vegetation in cm.

: Leaf Energy Balance:

Radiant Input: The radiant energy input to a leaf was divided into the

LJ
two parts, solar en'.rgy input and long wavelength energy input. The solar

normal or beam intensity was obtained from: [3]

q1 = A/exp(O/sin a) 5 i-i,.. SN

in which

11 2
" "SN is the normal solar intensity %,/m

a is the solar altitude in degrees

A is the apparent solar irradiation at air mass=O

0 is the atmospheric extinction coefficient

The actual energy incident on the leaf consists of the solar beam radiation

projected on the leaf surface plus the scattered solar energy. Scattered

solar flux was determined from: [3]

q Cq 5 F~ 6
in SD c-s
in which
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qSD is the diffuse or scattered solar irradiation,

SDj

q I is defined in equation 5

C is a constant which depends on atmospheric dust. moisture, and

air mass,

F is the fraction of the sky seen by the leaf, configuration factor
L-s

from the leaf to the sky.

These two energy fluxes were assumed to be incident on the leaf upper

surface and the energy input was taken to be their sum multiplied by the

solar absorptance of the leaf upper surface.

qq1 N11 ' + q1 7
TOT SD SN s u

Values for the solar absorptance of leaves are available in many sources

but the values used were from Birkebak and Birkebak. [8]

Long wavelength energy input to the leaf from the air (q'1 atm) and the

ground (q'') as given in equations 1 and 2 were treated as follows. The
gr

energy input from the atmosphere was assumed to be the same for both

the upper and lower surfaces of the leaf and the ground energy input was

assumed to be to the leaf lower surface only. Thus the total energy input t
I1

per unit area of leaf was ot q + te q t +  gr where a is the

long wavelength absorptance of the leaf upper surface and is the long

wavelength absorptance of the leaf lower surface.

Convective Energy Input: The convective energy input was evaluated

from the standard convective heat transfer expression

con hc(Tatm " leaf) 8

in which

' '?' tk 0. . ,
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q1I is the convective heat flux in cal. /nin. -cm
conv

I- h is the convective heat transfer coefficient in cal/mm-cm -C

C

Tatm is the atmospheric temperature in C

T is the leaf temperature in C
leaf

Values of h were obtained using the procedures of reference 1. These are 'I
based on standard equations for free and fcr-ed convection and therefore

require the evaluation of the following dimensionless parameters: I
(1) The average Nusselt Number ]

Nu = h L/k. 9
C

(2) The Reynolds Number

R UpL/ii 10
L

(3) The Grashof Number -1

GrL gp LAt/: 11

in which

L is the effective leaf dimension in cm

H U is the wind velocity in cm/min

2*

g is the acceleration of gravity in cm/min

k is the thermal conductivity of air in cal. /cm-min- "C

" is the temperature coefficient of volume expansion in cm

is the absolute viscosity of air in gm/cm-min

p is the density of air in gm/cm3

The standard correlations using the dimensionless parameters are

(1) For free convection from vertical plates

Nu =0. 480 GrL 12
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(2) For free convection from the upper surface of a horizontal plate

warmer than air or to the lower surface of such a plate cooler

than air:

Nu 0. 497 Gr 13

(3) For free convection from the lower surface of a warmer than air

horizontal plate or to the upper surface of a cooler than air

horizontal plate:

Nu 0. 249 Gr L  14
v L

(4) For forced convection to or from a plate having a uniform

tempe rature: ]
Nu = 0. 595 ReL 15

4

37 94 .05 .0 .448 i .631l .501, .508 .4 .471
i€ . 695 .5 .610 .4950 26 71 .51 .5

8 7LEF1_ 1 541 .56 7_9 1

WOC. . 8 1 .5490 .407 .555 .68 50 .602 .67 .436

FREE 82 .672 .451 .576 .71 . .5843 .67 .6572

FOC 81 649 .481 .55 6 .612 .10 .661

in. . 11 .7 .37 5801 - .4 .70 .6
Fig. I. Values of R for ten real leaves. X = flow perpendicular to

stem; L = flow parallel to stem; FORC. = forced convection in
laminar flow; FREE = free convection in laminar flow; TURB. =

forced convection in turbulent flow. (Reproduced from Ref. 1.)

I,.
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A decision as to whether the flow field was strong enough to cause forced

convection was made by comparing the values of GrL and (Re if

2(Re) was larger than Gr the forced convection equation was used.
L L

Values of L for use in these expressions were obtained from L = RL
max

in which R was obtained from figure I and L was the average maximum

dimension oi the leaf under consideration.

Transpiration Energy Loss: The energy loss from a leaf by transpira-

tion of the leaf moisture was extensively studied by several authors. In

this work, the results and methods presented by Gates in references 9 and

10 were used. The expression for transpiration energy loss is

[ q hfg 16
e r + r •g

in which I

q" is the transpiration energy flux in cal. /cm 2 -min.
ge

p (T ) is the density of saturated water vapor at the leaf temperature in

gm/cm 3

p (T ) is the density of saturated water vapor at the air temperature in
g a

3
gm/cm

h is the latent heat of vaporization of water at the leaf temperature
fg

is the relative humidity of the air,

r is the internal leaf diffusion resistance in min/cm

r is the boundary layer resistance given by equation 17.a .

0.20 0.35
r k k 2 J 1 7, m"
a 2 0. 55

U



in which

"K W is the leaf dimension transverse to the wind in cm,

L is the leaf dimension in the direction of the wind in cm,

U is the wind velocity in cm/min

' ,; k is the dimensional constant of 0. 247 cm/min. 1

Values for the internal diffusion leaf resistance are presented by Gates

for several common leaves. These values are presented as constants

although it is known that water stress or high environmental temperatures

cause these resistances to change. In this work constant leaf resistance

values were assumed.

Leaf Radiant Energy Loss: The radiant energy loss of the leaf was

calculated assuming the upper and lower surfaces had the same emittance.

This results in
4

q = ca T 18~r

in which

q" is the radiant loss per unit area of leaf in cal. /cm -min
r

s is the emittance of the leaf at the leaf temperature

T is the absolute leaf temperature in ON.

The leaf was assumed to have negligible thermal mass, therefore, the

sum of the energy gain was set equal to the energy loss to calculate the

leaf temperature.

. .*

1%i

.........



E's Leaf Radiance in the 3-5 and 8-14
Micrometer Wavelength Region

3-5 Micrometer Wavelength Region: The radiant flux from a leaf in

the 3-5 micrometer wavelength range was assumed to consist of three

components. These components were; (1) energy emitted as a function of

the leaf temperature; (2) energy reflected off the leaf upper surface from

incident solar energy and, (3) solar energy reflected off of the ground

and transmitted through the leFr. The components were calculated as

follows:

4
R (Thermal) a F T 19

whe re

R 3 5 (Thermal) is the first component cal. /cm 2 m in .

s is the leaf emittance I

T is the leaf temperature, °K

F is the fraction of energy radiat.ed between 3 and 5 micrometers by a

Plankian radiator.

L R 3 5 (Solar) p suF2 Gscosq 20

where

2R 3 5 (Solar) is the second component, cal. /cm /min.

u is the solar reflectance of the leaf upper surfaces u

F is the fraction of the solar insolation which is in the 3-5 micrometer

wavelength range

2
G is the solar insolation in the 3-5 micrometer range, cal. /cmrnmin.

9 is the zenith angle

M'P,
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R3(Solar Reflected) T s G cos 21

where

R 3 5(Solar Reflected) is the third component, cal. /cm /min.

T is the leaf transmittance.

F The sum of these three would be the energy flux at the leaf surface which

would be det,:cted by a 3-5 micrometer wavelength energy sensor system.

8-14 Micrometer Wavelength Region: The radiant flux from the leaf

in the 8-14 micrometer wavelength range was assumed to be from the

same three components as used in the 3-5 micrometer wavelength range.

In calculating the values, the only change in equations 19, 20, and 21 are

the fractions F and F . Thus the same equations were used with different

values for these fractions.

III. EXPERIMENTAL VERIFICATION OF THERMAL MODEL ...

Experimental Procedure: In order to test the validity of the thermal

model used, an experiment was designed and run. This consisted of

instrumenting leaves on two living trees, measuring the leaf temperature

and the environmental conditions for the leaves.

Leaf Measurements: A nearly horizontal leaf on a common burr oak

(Quercus Macrocarpa), a vertical leaf on a silver maple (Acer Saccharnum)
.1

and a horizontal leaf on the silver maple were instrumented. In order to

minimize the effect of the measurement probes, small gage (40 gage)

thermocouples were installed on the lower surface of the leaves. These

thermocouples were shielded from direct solar insolation by being on the

lower leaf surface and were in contact with the leaf for about 2 cm which
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should reduce thermocouple conduction effects. Temperatures were con-

tinuously recorded on a 12 point Leeds and Northrup Speedomax W recorder.

As a check on the measured temperatures, total radiation pyrometric

temperatures were measured with a Barnes PRT-10 radiometer.

Ground Temperature Measurement: Ground temperatures at depths

of 5 and 6. 4 cm were made using 24 gage thermocouples. Surface

temperature could not be measured directly, due to short grass on the

surface, therefore, the radiometric temperature was measured with the

Barnes PRT-10 radiometer. Actual ground temperatures were estimated

from the radiornetric measurement by assuming a ground emittance

consistent with the actual ground surface.

Environmental Conditions: The environmental variables needed for

this study were dry bulb air temperature, wet bulb air temperature,

wind velocity and solar insolation. Dry bulb temperatures were measured

continuously using a shielded thermocouple and wet bulb temperature was

measured each 30 minutes using a hand sling psychrometer. Wind velocity

was measured at 1. 1 meters above the ground using a ball and cup anemo-

meter. Solar insolation was measured continuously using an Eppley 8-48

black and white pyranometer. Experimental data is summarized in Table I.

_l......... ........ ........ .............<
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T Results of Experimental Verification

The thermal model was used to calculate the leaf temperatures and

ground temperature for the 72 hour experimental period. Measured values

of air temperature, relative humidity, wind speed, and solar insolation

on a horizontal plane were used at one half hour intervals to calculate

Lleaf and ground temperatures. The calculated values of leaf and ground

i I temperatures and the experimental values are shown in figures 2 through

7. Each figure is for one full days data, i. e., for the entire diurnal

cycle. The figures are in pairs, that is figure 2 and 3 are for 4 September

1976, figure 4 and 5 for 5 September 1976, figures 6 and 7 for 6 September

1976. The leaf temperature measured and calculated are shown on figures

S2, 4, and 6. Calculated and measured ground temperatures along with

L measured air temperatures are shown in figures 3, 5, and 7.

In order to assess the accuraicy of the thermal model, the errors were

statistically examined. This analysis indicated the mean error, i. e. , the

H measured leaf temperature minus the calculated leaf temperature to be

0. 21 degrees Celsius with a standard deviation of the errors of 4.00

degrees. From this information the leaf temperature calculated has a

mean error with 95% confidence of -0.46 or +0.89 ° Celsius.

, IV4 CAMOUFLAGE MATERIAL REQUIREMENT

Leaf Temperature Emulator: The thermal model prepared was used

to determine the necessary properties of a material which would emulate

leaves thermal response during one day. A study o e ef response and
characteristics indicated that 4tn emulator could be produced if the material ,'
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emittance and reflectance could be controlled. As an example of this

figure 8 shows the thermal response, as predicted from the thermal

model, for a maple leaf, an aspen leaf, and a material designed to

emulate the maple leaf. This material would be a material with low

thermal mass, clothlike, with solar absorptance of 0.47 and long wave-

length emittance of 0. 95. As can be seen from figure 7, this material

would satisfactorily emulate the diurnal temperatures of maple leaves

but would not emulate the diurnal temperatures of aspen leaves. This

is because the transpiration rate for an aspen leaf is greater than the

transpiration rate of a maple leaf. An emulator for the aspen would

have different properties which could be found using the thermal model

presented.

Camouflage Material Detectability: In order to assess the detect-

ability of the leaf emulator with a maple leaf background, the total radiant

energy leaving the emulator and the leaf were evaluated for the 3-5

micrometer and 8-14 micrometer wavelength bands. These values are

plotted in figures 9 and 10. Within the accuracy of the model, the leaf

radiance and the emulator material are identical. This indicates that the

camouflage role of the material would be well fulfilled in the 3-5 and 8-14

micrometer wavelength ranges.

Visual Camouflage Problem: The solar absorptance of the camouflage

j material which was used to obtain the results shown was 0. 47. The solar i

absorptance of a material is a function of the spectral reflectance over

the wavelength range in which the suns energy reaches the earths surface.

N . . . . . . . . :.. . .. . .. . . . . • , ., • , . . . . :. . . . . . , ° . .. . . . . . . • . . , , .• , .
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This wavelength range is approximately from 0. 3 to 2. 5 micrometers.

Since the visual range is overlapped by the solar range, the visual

reflectance is not independent of the solar reflectance. This causes a

camouflage material suitable for a leaf emulator to be more reflective

than the typical visual camouflage material. [11] The icdeal material

to be used for both visual and thermal emulation of leaves would be one

which had a visual reflectance around 0. 3 or lower and a solar reflectance

of 0. 53. Such materials were reported in reference I1 for the near

infrared, i. e., 0. 7 to 1.2 micrometers. Values reported are shown in

Table II.

Table II. Infrared Reflectance for Camouflage Cloth (Reference 11)

(From National Military Establishment
Specification JAN-C-765)

Fabric Infrared Rcflectance Percentages
Color Color Relative to Magnesium Oxide
(No.) (Minimum %) (Maximum %)

1 Light green 37.0 57.0
2 Dark green 37.0 57.0
3 Sand 24.5 100
4 Field drab 24.5 57.0
5 Earth brown 24.5 57.0

"6 Earth yellow 24.5 100

8 Earth red 24.5 57.0
9 Olive drab 24.5 57.0

10 Black 0 24.5
11 White 57.0 100
1z Forest green 24.5 100
13 Desert sand 24.5 100

However, it was reported that the production of such materials was quite

difficult. Similar work was reported in reference 12.

- - _.. . . . . -.
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Transparent Cover Analysis: Since it may be difficult to obtain the

desired visual and thermal infrared camouflage with a single inaterial,

the possibility of using a visually transparent cover over an opaque material

was examined.
Solar Radiation, Sky Radiation

Atmospheric Radiation

Transparent Sheet

Convection Transfer

-Opaque Sheet
4

/ Ground Radiation

Basis for Transparent Cover Analysis
Figure 11

The basic system analyzed is shown in figure 11. A transparent sheet not

in contact with an opaque sheet with radiant and convective heat transfer

was considered. The energy exchange between the sheets and the atmos-

phere was analyzed by consideri.,g the convective, radiation in solar

wavelengths and radiation at long wavelengths energies as uncoupled :2

variables. The basic radiant energy cluantities considered as shown dia-

g .ammatically in figure 12. In this figure thE luxec, indicated

ol s t  S s ol , q Li ,

t Shed't 1, Transparent N

•I j T Strq" 1  ¢tEbl "
s 2 1 o !

- J J J
2 2  1

-*, ___.,__-______Sheet 2, Opaquel 2Eb2tq' :

2.b2 ground

Radiant Fluxes for Transparent Sheet Analysis
Figure 1.2
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are defined as follows:

q is the solar insolationSol

qVI is the long wavelength (terrestial) insolation

J is the solar wavelength radiosity of the ith surface

J is the terrestial wavelength radiosity of the ith surface

Eb. is the Plankian radiation of the ith surface, a T4

is the terrestial emittance of the ith surface

p is the solar wavelength reflectance

Pt is the terrestial wavelength reflectance

and 

J

T is the solar wavelength transmittance.

The radiosities were evaluated in terms of the boundary values resulting

in the following equations:

=S Ps S q"3

Js. 11 - ::s 2 Ps o 22:

1 21

j = 1  

4

1 12 
S o

.. ..., :,.. ,,,"': : ,,, ( 1 - t ) .t iE b
p = E(1 + 2 1

t b " t
, '2 1 1 t

. .1 
2 2

... 
I , ., . . . . . . . . . .. . .. . : .'; ..: ... ,.
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Using these values, energy balances on sheet 1 and 2 including convective

energy transfer to the surrounds and between the two sheets results in

two coupled non-linear equations. These equations are functions of the

environmental parameters; q1 ambient air temperature, groundSol'

temperature, and the radiative properties of the two sheets. In order to

assess the possible usefulhess of the transparent outer sheet an inner

sheet with solar absorptance of 0. 6 (dark green) was considered. Using

ambient air Temperature of 300C, relative humidity of 50%, groc.nd

temperature 40 °C, q" of 800 w/m , wind speed of 2. 5 miles per hour
Sol

the dark green material temperature calculated was 41 *C. With a trans-

parent sheet over the dark green material the calculated temperatures of the

transparent sheet (T1) and the dark green sheet (T ) with several different

transparent sheet propertiea, is given in Table III. Notice the transparent

Table I
Sheet Temperatures Calculated

Sheet Sheet Sheet T, T2
Reflectance Transmittance Absorptance OC 0C

0. 10 0.80 0. 10 37 46
0.05 0.80 0. 15 37 46
0.05 0.75 0.20 39 46
0. 10 0.70 0.20 40 45

sheet temperature runs from 37 to 40' Celsius where the uncovered

material temperature was 41 Celsius. This indicates the transparent

sheet over the camjuflage material might be useful if the proper material

cannot be obtained. Limited experimental results for this type system are

reported in Appendix B.

." " ...-.w. .... ..". id .', ..I.
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V. CONCLUSiw0S

The thermal model prepared to emulate foliage satisfactorily predicts

the diurnal temperature of leaves. This model, like all models, finally

depends on the quality of the boundary or driving functions. In this case,

the boundary conditions are particularly difficult to predict since the

micro-climatalogical values are quite unique for each location. However,

the model is quite satisfactory for the evaluation of camouflage materials

in that whatever boundary cond. un are used the model will indicate the

response of the candidate material relative to a particular leaf

type.

From the studies made with the thermal model it was determined

that thermal infrared camouflage is feasible with simple clothlike material

if the radiant properties can be properly tailored to the background. For !

example, it was found that a material with a solar absorptance of 0.47 and

long wavelength emittance of 0. 95 would emulate maple leaves. It was

also determined that this material would not emulate leaves with larger

trv.nspiration rates, e.g. aspen. These leaves are more difficult to

emulate but probably could be satisfactorily emulated considering the A

canopy of trees will have large temperature variations due to shading.

In the process of prepaing the thermal model it was noted that the

camouflage material must be opaque to thermal infrared if an object is

to be camouflaged. Any object above the background temperature will '

"shine" through a partial camouflage net. This fact nakes the physical

... . " ., -" ;.. .$ -4. ' -l ' .',£ - ,s:" . . . : ... " ) .', . $ }. . ... .
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construction of the camouflage net more difficult. A successful net must

have multiple layers of leaf sized camouflage elements. These elements
I-

must allow free circulation of ambient air in order to attain temperatures

similar to the temperature of the background leaves. Furthermore, the

material must have good visual camouflage characteristics. A material

with both satisfactory visual and solar reflectance may be difficult to ob-

tain due to the overlap in these spectral regions. Materials with these

characteristics have been prepared for the near infrared but have not

been reported for the thermal infrared.

Pt

.,
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FURTkAN IV (il RELEASE Zo0 MAIN

k 0001 DIMENS ION a$(4a),FV(4dbtoAVdt4tJZ1(48)X2(48X3(4),X4(4o) ,Ab(4dI
a. r0O2 iUIMENSICJN X9(48)

OUU3 UIMENSILUN Xb(48) ,X7(48),X8(48),IMA(,E117003,NSLALE(5)
0U04 COMMUN/DATAIN/PI ,C2,SIG.TL.EPSG,K2,CPL
0005 COMMON OtM,LAT.L)ECH,LSTL ,QAQRTAVTMAXTVAR
Jr 008 COMMON 0d3,(J58,CIQATMQ(.iQERUTSCCDSTH

0 0007 LOMMON UC.HC ,ASUASLEAR.tEG, ASGRSGAGQSTPQSUQSLQLI-,C4
L Ocob LOMMON RH,DKA,REGRRLDI-SCON0,0ELTTGR

0009 COMMON SIND# CUSL),SNL,CUSLo SINACOSA,SINS@COSSSINH 9LOSh*COSL
T' 0010 REAL LAT 9LST*M9KA9K2

J011 100 FORMAT(//3X,tLST,3X'QkTM'.3X,'QG',SX,'QSL',4X,'QSU',5X9,JA',4X,

1'QR' .5K,'Qf' ,5X,'QC',//)
0012 101 FORMAT (lX9F~o2t8(lX*F6.3))
0013 103 -URMATI3X,F4.1, 3X,F4, Lt3XqF 4e It3XF4.1 #3XvF4. I,4XF.4 v:)XvF.4 9

13XvFb.4, 3XtF6.4)
0014 104 FORMAT ( //93X,'ILST',94x 9'TAI R't3X*' TLEAF' 92X9 TMTRLI,2Xt

1'TGRND' 93X* 'Qd3LEAFl 92X9 'QB3MTRL' t2X,'QB8LEAF' 92K,' QB8MTRL@/

0015 105 FOkMATI'1')
CC16 106 FORMAT155X,' INPUT DATA' .//I)
0017 107 FORMAl t///*bOX9'LEAF')

0019 uATA Lbj/A/LB2/'L/tLB3/'M'/,LB4/'G'/
0020 DATA NSiCALE/1,0,39O.O/

C
C
CL
C THIS PkUGtKAM CALCULATES THE STEADY STATE TEMPERATURE OF A LEAF OIR
C MATERIAL FO~t CLEAR DAYS. i
C
C
C

L rHE FOLLOWING DATA IS READ IN ON NAMtLIST.IF TmIS PR4OGRAM IS RUNl

C ON A LUC CO-MPUTER THE NAMLIST DATA CARDS MUST BE MODIFIED FL-k
c LUC.ADOITIONAL CONSTANTS ARE INITALILEU IN SUBROUTINE t3L~.J( .T
L IIRS IS THE NUMBER OF HOURS YOU W ISH TO RU-N THE S IMULAT ION
C uT IS THE TIME INCREMENTIIN MINUTES)YOU vwISH TO USE [:4 Ji
C CALCULAT IONS
C UC LT IS THE TIME INCREMFNTI IN MINuTES) USLU IN SubkOUT [NE
C GTEMP TO CALCULATE THE GjROUNU TEMPtRATU.E*
C AT IS THE LATITUDE IN RAUIANS.

c 7:C IS THE DECLINATION ANGLt OF THE SON IN R~uIANS.
L SC IS THE VALUE OF THE APPARENI SOLAR RADIATIUN AT AIR MA~SS
C OF 0.0 ANU VARIES .ITH THE TIME JF THE YEAK, IN CAL/CM**2-MIN.
L C4 IS THE ATMr2SPHEkIC EXTINCTION CJEF. AND yAP [ES iITH IHt, TIME Ji-
C YEAR.
C CL IS THE FRACTION OF BLAM RAUIAl [UN APPEAkING AS ('I-F-USE RAU.
C VARIES 4ITH THE TIME OF YEAR.
CL IS THE LOCAL.SOLAR liME WHEN THE ,IMULATIJN IS STARThj.
C IS THE CHARACTER IST IC DIMENS13N OF THL LEA~F 114 THE UIVECTIUN
C THE AIM FLEId.(CM)
L RL IS THE INTERNAL RESISTANCE OF THE LEAF,It. SE-ICM.

C SL~ I TH SLPE(IN RAD)IANS) OF THE SPALMEASURFD IkO)M TH-E

C ALM IS THE AZIM4UTHi ANGLE(IN RAUIANS uF THE LEAF- SUPFACE .14ASUk: J
L FROM THE SOO!TH. PJSIT IVE ALIMUTH IS CAST f-AC INGtN (GATIVE I S wESPT.

L A SU IS THE SOLAK AoSOROTIVI TY OF TtIE UPPER SUkFACE CF tHi LtAf .
C ASL IS THE SOLAR AdSORPTIVITY OFp THu L'JV4LR SURFACE riF THE LEAF.
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FORTRAN IV G.I RELEASE 2.0 MAIN

c C A IS THE LONG WAVELENGTH ABSURPTIVITY OF THE- LEAF.
C E IS TH4E LONG WAVELENGTH EMISSIVITY OF THE LEAF,
C RU IS THE LONG WAVELENGTH REFLECTIVITY OF THE UPPER SURFSCE JF
C THE LEAF.
C T IS THE LONG WAVELENGTH TRANSMITTANCE OF THE LEAF.
C KA IS THE THERMAL CONDUCTIVITY OF AIR,IN CAL/CM-MIN-C
C RH IS THE RELATIVE HUMIDITY OF AIR.
C TMAK IS THE MAXIMUM AIR TEMPERATURE DURING THE S IMULATION PLAIOD
C IN DEGREES C
C TVAR IS THE MAAIMUM VARIATION IN THE AIR TEMPERATURE UURIN6 THE
C SIMULATION TIMEIN DEGREES C.
C V IS THE AIR VELOCITY IN CM/MIN.
C OFS I3 THE THERMAL DIFFUSIVITY OF SOILIN S16CM/MIN.
C CONU IS THE THERMAL CONDUCTIVITY OF SOILIN CAL/CM-MIN-L.
C KG IS THE LJNG WAVELENGTH REFLECTIVITY OF SUIL.
C AG IS THE LONG WAVELENGTH ABSRPTIVITY UF SOIL
C EG IS THE LUNG WAVELENGTH EMISSIVITY F SOIL.

L C ASG IS THE LLAR ABSORPTIVITY OF SOIL.
C RSG IS THE SOLAR REFLECTIVITY OF THE SOIL*
C
C
C
C
C

C OUTPUT DATA
C LST IS THE LOCAL SOLAR TIME. -
C WATM IS THE LONG WAVELENGTH ATMUSPHERIC RADIATION,IN CAL/CM4'*2-MIN
C OG IS THE LDING"AVELENGTH GROUND RAUIATIONIN CAL/CM**2-MIN. A
C (QSL IS THE SOLAR RADIATION ABSORBED BY THE LOmER SIDE OF THt LEAF
C OR MATtRIAL, IN CAL/CM**2-MIN.
C USU IS THE SOLAR RADIATION ABSORUjEU BY THE LJPPER SIDE OF TiiL
C MATERIAL OR LeAF,IN CAL/CM**Z-MIN.
r L QA IS THE TOTAL RADIANT ENERGY ABSORBEU uY THE 14ATERIAL OR LEAF.
C jR IS THE TMTAL ENERGY RADIATEU FROM THE LEAF, IN CAL/CM**-M IN.
C QL IS THE ENqERGY LOST BY THE LEAF DUE TJ. EVAPORATION.
C Q(. IS THE ENERGY LOST OR GAINEU 8Y THE LtAF Ok 4ATERIAL UOL TU
L CONVECTIONIN CAL/CM**2-MIN.
C TGRND IS THE GROUND SURFACE TEMPERATURtIN UEGREES C.
C TLEAF IS THE LEAF TEMPERATUREIN UEGREES C.. C TMTRL IS THE MATERIAL TEMPERATUREIN DEGREES C.
L TAlk IS THE AIR TEMPERATUREIN uEGREES C.
C QB3MTRL I THE DETECTABLE RADIANT ENERGY ABUVL THE MAIERIAL
C SURFACE IN THE 3-5 MILRliN RANGE.
C tBbMTRL IS THE uETEK7ABLE RiADIANT tNEKGY ABDVE THE MATERIAL
, SURFALE IN THE d-14, MICRON RANGt.

L ,ib3LEAF IS THE UETECTABLE RADLAN4T ENERGY ABUVE THE LEAF SUR ALL
C IN THE 3-5 MICRON RANGE.
C QBULEAF IS TliE DETECTABLE RADIANT ENERGY ABOVE THE LEAF SURFAL.
C IN THt 6-14 MICRON RANGE.
C
C
C

U021 NAMLL IST I NI/HRS, DT DELT 1 N2/LAT ,OEC, SC 9C9C41 LST
I/IN3/t,RL,SLP,AZM /IN4/ASUASLA,ERUtT /IN5/KARH,TMAX,IVAR.V

2/ INb/ UF S 9LON 0,RGAGEG,A SG, RSG
C0?2 NR=O

2 10 t LAU(Sol NlNU=1'3U0|O

U02,4 <EAO( , IN2)

~~74 .'-2



44

t.7

rCH1$KAN IV L RbLEASE Z.0 MAIN

j JU~ 4 EAWO(51N3)
C076 REAO(b,!IN4)
O0'27 K E AD( S qINS I

UO~ READ (StIN6)
(;02 (1NRmNR4I

(1f,3 0 GO TO (20,301 9NR
0031 20 wRITE (6*107)
C032 GO TO 40
0(134 30 wRITE(6#108)

OU14 NKuO

U * 3 UU3 40 WMITE (681061

0u3? WAIT E(6, 1N2)I
SC03d WiRITE (69 N3)
,- 0031, WRI T (b6vIN4)

0040o WRITE 1b,1NS)K004,1 WRITE (6*IN6J

C
UU4? HUPI

J043 MU0.0
U044, ZEN-0.O
JU45 La0
004t U)uO(DC
C04 I SINDOSIN()EC)

004q SINLmSIN(LAT1
0050 CUS L-COS (L AT)
JulSINS= SIN (SLP)

0052 COSS-COS (SLP)
0053 SINAx:SIN(AiMJ

Q'0 5 4COSA-COS(AZM)

u tu WRITE(tb,100
-)u!) 150 CONTINUE

0u5it Hu P I-LS T *0.2 b2
c c5~ CUSH-LOS(H)
JOub SINH=SIN(H)
o0o 1 COSZ-C JS L*CU SD*LOS HtSI NL*S IND

0('eMal.O/Go SZ

0064 11-(CO St. LT .0 .01C OS Z=.O-
0165 CALL RAE)

jubb CALL LEAF
OJ6 I R1.Sl x 4A-'jR-QC-QL
)v b mTN=TL
J') h 9TL=TLt2.

4,C
L

C ALAl~, H TAYSTATE TEMPERATuib UF THE LEAF Uk MATIAL

I F (43 iS(k E LE.PS)GU TO 7J

0 74--- -. ~- .~- . - ~
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00 it rNuTL
*COhb TLaTL4.CV
U077 o0 RESI*RES2
00?b 10 CONTINUE
COT'9 CALL JLTECT

WRITE(b, 1011 LST.QATMGlW.JSLUSUtQAQRQE,'QC
Ojai LS TO LST DT/EO.
C(0162 IF(RL*LT.O*0)GO Ta 80

0084 XiIMOLST-(UT/60.1

oo~5 J2(1)mTA
oJudb JA3(1)=TLI
)08 X4(1)uQB3

Jue8' GU TO 90
0090 sO L.UNTINUE

JU92 X6(I)uTL

C!', 9 4XdtI)zQBS

CU~90i IF(I.LT.N )GO TO 50
1"t 7 I(NR.GT.O) GO TO 10

~J09b WRITE (8,104)

0100 wKITE(69105)
0101 GO TO 10A
~JlO? 1000 STOP
U103 END



FV2TKAN I(A RLS 240 R&A

r~on 1SUBROUTI NE RAU

UU02 CUMMON/UATAIN/PIC2,SIGTLEPSGtK2,CPL

0003COMMON DTMtLATUECHLSTL'.AtIRTAVTMAX, TVARI; 4 COMMON Q83,tJ8.oClQATM*J(i,'.kERUTSCCO)STH
v 0J 012COMMON QCHCASUASLEARGE,,ASU,RSGAG.QSTQSJQSLQJrC4.

c06 COMMON RHDI(AREGRRLU SCUNEDDELTTGR
ouu? COMMON SINO.COSUSINLC')SLSINACrOSASINSCOSS SINH.COSHCO L

i J08 REAL LAT*LSTM#KAtK2A
C
C

C

L !)UBROUTI Nk RAOJ PERFORMS THE FOLLOsiI NGs I ESTIMATES THE SULAR AND
L u[FFUSE R~ADIATION UN CLEAR DAYS AND THE ATMOSPHERIC AND (111,O1.ND
L KAUIATIONt Z)CALCULATES THE RAUIANT ENERGY ABSORbED BY A LLAt- -
C OF ANY SURFACE ORIENTATION ANU*(1 ESTIMATES THE AIA TEMPERATURE
C IASED UIN THE MAXIMUM AIR TEMPERATURE AND THE MAXIMUM VARIATICN
C IN THE AIR TEMPERATURE WURING THE SIMULATION TIME.

C
C.

C

Cu 00ST*SL/EXP(C;4*Mi
Ii IF (.L T. I. OK.M. GT. 6. 5)QS Tso.0

L UIRELT SULAR TRRADIATION OF LEAF UPPER SURFACE

uill C:1STHvS IND*S INL*C0SS
001'. C US T H C 0SDTH-S I N *CSSI NS COSSCOT A

V1 s 3~ I~S T Ha(.US1)* S I N SS I K A S I N H+C OST H
flu I((CSTM.LT.U.0) CUSTH=0.O

J1 4QS(TaiCJS T H*QST
C
L UIf FUSE SUiLAR. RAUI ATION( QUF IINCIDENT LIN A SURFACE

cold WJU=Cl*QST
,c 19 I-AC&( 1. O*CUSS) 12. 0

0020 QL)FTwDF*FRAC+UOF*t I t-FRAC )*RSG
C
L TOTAL SOLAR RADI ATIOUN A3)SORLAE 6.V THE TOP SURFAL L OF T HL LE4I-I C

u 21 OSUsASU*(QSUT*QUFT)
C4
L AIR TEMPERATURE CALCULATIJNS
L

1 ML aL ST* P 12 .

12o*TME)
S(^24 TA3xTMAX(UTVAR*VAR)/I00O4

C CALCULAT ING VAPOlR PRESS-JRE OF H20 IN AIR AT TA
L

U02,1PvI4.c)*EXPITA/Io.i*,)*kH
L
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fnkdRAN IV Iid L ELkASr 2.0 RAU

C .ATMm INC.IDENT ATMOSPHERIC RADIATIUN
C

(4 26TAKsTA*273.
QOZ 001 ATM.&IG*(TAK**4@) *( .4*..*SQJRT4P iI
C028 CALL. (TEMP

C SOLAR RADIATION ABSORBED BY THE LUWER SIDE OF THE LEAF
C

(1+11Z9 WFLaJOF*(I.O-RAC)IJUF*FAC*RS.i
vjj3 JSLASL*(OFL4QST*CUSL*RSG*FRACI

C TOTAL HAULANT ENERGY CQA)AbSCRBtL) tY THE LEAF
Q C

0031 (J**QT+GR QTIQi+S
00132 RETURN
UU3) t:ND

It

K.

4 - ~ .".- ... . . . .. . .

4. . . . . . .



I C14TRAN IV U1 RELLASE 2.0 LEAF

0001 SUBROUTINE LEAF
*OU02 COMMONIDATAIN/PbC,SiGTLEPC,,,2,CPZ

(%0 0 3 COMMON D T sMeLAT sDEC sH 9LST sL tQA9WR9T A* V eT MAX* TV AR
UU04 COMMON Q63,WB8.CI.QATM, GWERUTSCC0STH
OUO1) C UtMON WC vHC 9ASU,9ASL 9E tA tRG, EGsAS69R SG9 AG9S T vQSU vI SL ,rWF 9C 4
f('006 CUMMUN RHDKA,$EGR.RL,01'SCONUOELITGR
0007 CUMMON SINDCUSUSINLCUSL. S!NAOrSASINS.COSSSINHCOSHCQSL
coots kEAL LATvLSTvM#KAtK2

C
C
C
C SU6K~OUTINE LEAF CALCULATES THE HEAT TRANSFER TO THE LEAF OR
C. MATERIAL SURFACE BY EVAPORATIUN AND CONVELTION ANO THE HEAT LUST
L BY THE LEAF DUE TO RADIAT ION*

C

00010 IFRL.LT.O.OIGO TO 3

C

GOIL =dm(o.*0/V) .*o.55
coil RdugKZ*RB

C
LU1 TUTAL+ .VPRSSAC

C

c. DENSITIES FOR Q EVAPORATION

OuI 1 RtIUL= I.O/VCI TL)
OU14 RHOwu'. .O/V6 ifA$

15 QE-RHOL-.HH*RH0
uu It wEaI(2.*b.*38.*E)/AT
coil I F ( E .L T U .'Q EmO 0
~16 GU TO 4

0020O? 4 CUNTINUL

L LALCULATION OF THE RATE JF HEA1 T.AN4SFER BY C(JNVLCTIUN(IC)

On 2L TF L M a(TA #T L)/12 .
U029. ANUB.O32+4.8622E-2*TFLMi
COPs ANU SAW+ t .0O6 E-5*T FL M* TFL M

IN024RE CV*D/ANU
00 2 UCK a G* U*3 *Ad S (TL -iA)A4 U* ANJ* T FL 4)

C02t) 1FL1R/RE**20*LT.1.)GU TOI

L (.ALCULATICIN OF FREE CUNVELTIJN Cc~tF.IHC).

2 1 HCI=(0.497*KA*GP**3.25)/0
JIJ28HL2&HCI/2.

C02 1; HC aHC I+HC2
3() WL=HC*( TL-TA)

.J031 G'j TO0 2
CC3? I C ONT INUE

"kC.Q o
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I-CRTRAN IV GL RELEASE 2.0 LEAF

c CALCULATION -JF rFORCED CONVECTION COEF.(HC)

0033 HC=0 .595*KA*QRT (R E)D
0034. HC=2. 0FHC
UU35 OCmIIC*(TL-TA)

c. ENERGY RADIAT-ED FKC.M THE LEAF(QRI
C

UJ36 2 TLKxTLt~2.3.
C031 . UR=.2.**SIG*TLK**4.

Or 3bRETURN
l~u39END

rA
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S IUHRTIAN IV (IL R ELEA SE 2.0 UEJTECT

0001 SUdROUTINE UETECT
COC? DIMENSION BlSO) ,FV(5OJ ,WAVE (50)

OJ3CUMMON/DATAI N/Plt 2, SlIC ,TL EPSG ,K2 CPZ
0004 CMO TMLAT.DEC.HLSiT,LQAJRTAVTMAXVVAR

0005 CJMA Q3QBiA2)T=5G.ER~TSLCOI
O(AZMU CHLA~ALF~RtE A6R~ASTQ~QLW~C
0007 WAVE4J. I~KEGtL0FoOUOLG

0008~~~~LZT+ 73.NSN~OUSIN OS ~ OA IS CS SIHC-~l O

C CONNUNGE

GOT

6010 WAJNTINUE.

Ud1% W.r(E2*SG(L**. *F4RJ194CSHtU4TR
0(,12W A. (* 3 Z

R. CC13 WAEU4=4
14 T K = L + 7ND

ou DO3I~t



ITA V UL RtLEASE ?.U vu

0 )r"I F UNC T ION VG T)

C

C FUNCTION SUtsROUTINE VGCI) CALCULATES THE SPECIFIG VOLUME OF SAT.
c WATtER AS A FUNCTION OF TEMPERATURE.

C

0002T=T*'273. lb
J003 Xz64 7.27 -T
0304 YzX*(3.243Id*(5.8oo3E-3ti.1O2tL-d*X*X)*X)
JuO1) Y =Y/(T* 1. 0+2. 18 7 5 - 3 *X))
0 1J t PSL21b. 16 7/(10. 0* *Y
CU07 61 =( 2 641 . b2 * 10. C fd0873..3/ (T*T I lI/T
,)UOJ B3=i.69-1

101 z 1624 60. 0/T
0311 B4=0.2i828*T

01 - I Z =6*P SL/(T*T I
L J14 I3= 30 1 . 0 ib 2- 3 Z 13 4 - 5*8 U* PS L I

T=I-2l3. lb
0017 K(ETURN

cold END If
A

,A l



TV.t

V fLKruA-J I V I RELEASE 2.0' :.G. , *'EMP

V7 , SJBROUTINE GTEV p
cuo2l0 iMENS ION TG 1200 1

Lam~mObN/ J AT A I N/ P IC29SIGvTL9EPSvGvK2vCPvZ
W4U4. CUMMUN.i'VM,*LAXDECoHiLSTLQAtug, TA.V.TMAXTVAR

OO0~~~~ COMMON UB3,0 88,1,AM GUR TSOT
000 -C OMMON W.C HC ,A SUsA SL9E *A tRC.EGvA SG t'RSG AG s WS It US U v SL tQDF9 C
0001 COMMON:,R~,.OvKA, RE, R iRL 9O S CNJtL) T P.TGR .

COJMMON SlND.COSU.SJNLCJSLSINACSA,SINS.COS.'S'SINII.CSHcOSZ;
7 jjU~i EAL LAT,LST#MKAtK2

C

L URUIEGTEMP CALCrULATES THE GROUND SURFALE T EMPERATURE
C. (3.Y AN EXPLICT FINITE DIFFERENCE Mr THUD.

LC*

C N IS THE NUMdER OF NOUES USLi) IN CALrUL4AT ING THE TEMPERATUAF
C. GRADIENT IN.THE SOIL.

UELTX k THE D.ISTANCE BErvdEEN N'JUES,IN Cm.

0ELTXrSQKT( 2.-*O'S'*DELT)

~~ IyIGTO GOj ALAU80-5ToLMT2

j3 .d 3 G(I)=(TM4XCt-TVAA/20 JNI(G,

2 0 TGR=TG( I)

Lu25 TFL=tITA*.

0') . L 14U~.U824.8u 2E-tTFL



r LIPT14Ail IV 61 RELIAE, 2.0 bLK UATA

(A('I 4'-OCK DATA
ouO2 LOMMON/DATAIN/PliCZSh'.TLEPSGK2,CP,Z
0003 REAL LATLSTtM,KAK2

('1004DATA PIC2,SI6,TL.oEPS,G/3.i'.L6,i4388.,.82E-0,u..05..53EO1/
OUO5 L)ATA KZCPZ/.062t.24q5.i

r SUBROUTINE i6LOCK UATA ALLOWS VARIABLES IN COM4MON TO IN TIALIZEU
C IN A DATA STAT ESAhT. THE FOWWOW ING DATA IS INITIALIL.O AS RLDCI(

O ATA.
C C2 IS A CON4JTANT USED IN PLANCKS SPECTRAL ENERGY DISTRIbUTIUN
C PIN MICRONS-UEGREES K
C SIG I1S THE STEF:AN-iBOLT.LMAN CONSTANT,IN CALICM**2 -K**4
L TL IS THE ARI8TRARY INITIAL TEMPERATURE OF THE LEAF OR MATERIAL
C SURFACE.

fc E'PS 1. T4~ PRECISION WITH WHICH THE TEMPERATURE UP THE LEAFUD I
C MAThRIAL SURFACE IS CALCULATEu. NOTEt IF EPS IS SET'100 SMALL

C A DIVIDE CKECk WI LL OCCUR I N THE MAIN PROGRAM -- JE TO THI SMALL
C CIANGE OF RESI AND RES2 1
L G IS THE GRAVITATIONAL CONSTANT*.IN.-Ct/MIN**Z
c K2 IS A PROPORTIONALITY CONSTANT..

C CP IS THE SPECIFIC HEAT OF AIRIN CAL/GM-DEGREE C.

C I IS 'THE GROUND COVER VEGAT IO.N HIEGHT, IN CM.

Cj06 LND

A~I~
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Evaluation of Various Surface Coatings

-on Camouflage Material Temperatures
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Introduction

As shown in Table 1, camouflage material temperatures are several

Idegrees higher than foliage when exposed to solar radiation and slightly

lower during the evening hours when no solar insolation is present. This

information leads us to the conclusion that the radiative characteristics

of the camouflage material must be altered if it is to emulate foliated

backgrounds. To accomplish this end, two basic approaches were con-

sidered: (1) change the radiative characteristics of the top surface of

the material by using a clear spray coating or a transparent acetate cover

as previously discussed and; (2) alter the solar and I. R. energy absorbed

and emitted from the lower side of the material in order to control its

temperature.

Two types of surface configurations were used to evaluate the second

approach. The first consisted of bonding a sheet of aluminum foil to the

lower surface of the camouflage material. The foil has the effect of

* lowering material temperatures when large amounts of solar radiation

are reflected from the ground and has little or no effect when no reflected

'... I  solar radiation is present. This is due, in part, to the fact that the foil

effectively eliminates the absorbed 'short wavelength radiation which is
reflected from the ground, and eliminates the long wavelength exchange

between the lower surface and the ground. In addition, another piece of

., camouflage material was coated on the lower surface with white lacquer.
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The lacquer has the effect of reducing the solar radiation absorbed on the

lower side of the material while the long wavelength emittance remains

unchanged. Thus the white paint effectively lowers the temperature during

periods when solar radialtion is present and has little effect at night.

Experimental ProceU.. -rc; Results and Conclusions

Temr :ratures of the plain camouflage material and four variations

thereof were made and compared to a Botanical Wonder plant (Fatsia

Japonica). The measurements were made with Barnes PRT-5 and

PRT-10 radiometers and were carried out wilh varying atmospheric

conditions in order to properly evaluate the effect of the coatings. The

results of these measurements are presented in Tables B-1 and B-2. In

addition the air temperature, plant temperature, plain camouflage

mater pted rature and one variation of the plain material temperature

through B-4.

No concrete conclusions can be drawn from the preliminary data

obtained thus far; however, certain trends are evident. The white lac-

quer coating lowered the material temperature below that of the plant and

plain material during daylight and evening hours (Figure B-3). Both

transparent coatings effectively lowered the material temperature during

daylight hours, however the spray coating increased the temperature at

night, while the acetate cover tended to lower the apparent temperature

at night. Unfortunately, the acetate cover reflects large amounts of short -

wavelength radiation thus producing glare (Figures B-1 and B-4).

41;, .
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The foil cover produced the most promising trends. It effectively

lowered temperatures during the mid-morning, ,and mid-afternoon hours

and slightly raised temperatures during the evening hours. In addition,

it followed the plant temperature more closely than the other variations

(Figure B-Z). This configuration holds the ad.:ied advantage that most of

the radiation emitted from a hot object placed under the material would

be reflected off the lower side.

The measurements made thus far are only preliminary and were

designed to establish various trends by altering certain radiative pro-

perties. It is not known if the materials tested could be used under field

conditions, however it is evident that progress can be made towards

emulating foliated backgrounds with co-tinued research in this area.
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